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circuit. The bias circuit 1s generally configured to dynami-
cally adjust a bias voltage reference at a bias node connected
to one or more mput transistors of the amplifier circuit to
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POWER AMPLIFIER BIAS NETWORK
IMPLEMENTATION FOR IMPROVING
LINEARITY FOR WIDEBAND MODULATED
SIGNALS

FIELD OF THE INVENTION

The invention relates to amplifiers generally and, more
particularly, to a method and/or apparatus for implementing,
a power amplifier (PA) bias network for improving linearity
for wideband modulated signals.

BACKGROUND

Phased array antenna panels are used to generate steerable
beams that may be utilized in wireless communication
systems. Phased arrays create a focused beam that can be
steered very quickly to maintain a link for any on-the-move
communication system. Conventional wireless communica-
tions systems can also utilize steerable beams to communi-
cate with multiple wireless nodes by moving the beams from
one wireless node to the next. A single beam may service
multiple wireless nodes 1n a sequence and repeat the
sequence periodically such that each wireless node appears
to be 1n constant communications with the system. The beam
steering 1s generally implemented by power amplifiers (PAs)
in the transceiver circuitry. The power amplifiers drive
respective antenna elements of the phased antenna array to
produce and steer the beams.

A reference bias current 1s used to bias the power ampli-
fiers. The reference current 1s used to generate a reference
voltage that 1s applied to bias transistors of a core of the
power amplifier. There are different memory eflects that may
degrade amplifier performance under modulated wave-
forms. The memory eflects include “baseband” memory
cllects, which have long time constants. Biasing circuits are
in the category of baseband memory effects. Typically, the
baseband impedance at the output of the biasing circuit 1s not
constant over the modulation bandwidth. The baseband
impedance variation over the modulation bandwidth at the
biasing node of the power amplifier results in a baseband
memory effect under wideband (e.g., >500 MHz) modulated
wavelorms. In systems implementing fifth generation (5G)
wireless communication standards, the bandwidth of the
modulated waveforms can be up to about 800 MHz.

It would be desirable to implement a power amplifier (PA)
bias network for improving linearity for wideband modu-
lated signals.

SUMMARY

The ivention concerns an apparatus comprising an
amplifier circuit and a bias circuit. The bias circuit 1s
generally configured to dynamically adjust a bias voltage
reference at a bias node connected to one or more input
transistors of the amplifier circuit to maintain a low base-
band 1mpedance.

BRIEF DESCRIPTION OF THE FIGURES

Embodiments of the invention will be apparent from the
tollowing detailed description and the appended claims and
drawings in which:

FIG. 1 1s a diagram of a system illustrating an example
context of the invention;
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FIG. 2 1s a diagram 1llustrating an example implementa-
tion of a single-polarization phased array antenna panel in
accordance with an example embodiment of the invention;

FIG. 3 1s a diagram 1illustrating a single-polarization beam
former circuit 1in accordance with an example embodiment
of the invention;

FIG. 4 1s a diagram 1illustrating an example implementa-
tion of a generic 2x2 four-element single-polarization trans-
ceiver beam former circuit in accordance with an example
embodiment of the invention;

FIG. 5 1s a diagram illustrating an example implementa-
tion of a transceiver channel with phase and amplitude
controls and an output amplifier in accordance with an
example embodiment of the invention;

FIG. 6 1s a diagram 1illustrating an example power ampli-
fier circuit 1n accordance with an example embodiment of
the invention;

FIG. 7 1s a diagram 1illustrating an example implementa-
tion of a power amplifier bias circuit 1n accordance with an
example embodiment of the invention;

FIG. 8 1s a diagram 1illustrating another example 1mple-
mentation of a power amplifier with a bias voltage generator
circuit 1n accordance with an example embodiment of the
invention;

FIG. 9 1s a diagram 1illustrating another example 1mple-
mentation of a power amplifier with a bias voltage generator
circuit 1n accordance with an example embodiment of the
invention; and

FIG. 10 1s a diagram 1llustrating another example 1mple-
mentation of a power amplifier with a bias voltage generator

circuit 1n accordance with an example embodiment of the
invention.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

(Ll

Embodiments of the present invention include providing
a power amplifier (PA) bias network (or circuit) implemen-
tation for improving linearity for wideband modulated sig-
nals that may (1) be applied to any amplifier, (1) be 1mple-
mented 1n multi-stage amplifiers, (111) be implemented using
a variety ol semiconductor technologies, (1v) provide a bias
network having a substantially constant output impedance
up to a modulated signal bandwidth, (v) be utilized 1n beam
former power amplifiers driving phased array antenna pan-
els, (v1) generate a voltage reference using a unity-gain
operational amplifier, (vi1) utilize a band gap voltage, (vii)
utilize a proportional to absolute temperature (PTAT) volt-
age, (1x) utilize a diode voltage, and/or (x) be implemented
as one or more integrated circuits.

Referring to FIG. 1, a block diagram of a system 80 1s
shown 1llustrating an example context of the mnvention. The
system (or module or circuit or apparatus) 80 may imple-
ment a radio-frequency (RF) transceiver system 1n accor-
dance with an example embodiment of the invention. The
RF transceiver system 80 may be configured to operate at
common wireless radio frequencies, millimeter-wave Ire-
quencies, and/or microwave frequencies. In an example, the
RF transceiver system 80 may be configured to facilitate
communication with and/or between a plurality of commu-
nications devices (or terminals) 90a-90%. In an example, the
communications devices 90a-90» may include, but are not
limited to, cellular telephones, mobile devices, tablets, inter-
net-oi-things (Io'T) equipment, etc. In various embodiments,
the RF transceiver system 80 and the communications
devices 90a-90n» may be coupled using at least one phased
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array antenna panel 100 1n accordance with an example
embodiment of the invention.

In an example, the RF transceiver system 80 may form
part of a communications link. In some embodiments, the
communications link may be part of a fifth generation (5G)
wireless communications system (e.g., for which a standard

1s currently under development by the Next Generation
Mobile Networks (NGMN) Alliance). In other embodi-
ments, the communications link may be part of systems
including, but not limited to, a fourth generation (4G)
wireless communications system (e.g., International Mobile
Telecommunications-Advanced (IMT-A) standard pub-
lished by the International Telecommunications Unit Radio-
communication Sector (ITU-R)), a satellite communication
(SATCOM) system, and point-to-point communications sys-
tems such as common data link (CDL). However, other
communications standards may be implemented to meet the
design criteria of a particular application.

In an example, the RF transceiver system 80 may com-
prise a block (or circuit) 82, a block (or circuit) 84, a block
(or circuit) 86, and a block (or circuit) 88. In various
embodiments, the blocks 82-88 may be implemented with
hardware, a combination of hardware and software, and/or
simulated with software. A signal (e.g., IF) may be
exchanged between the circuit 82 and the circuit 84. The
signal IF may implement an intermediate-frequency signal.
In an example, the signal IF may be configured (e.g., using
vartous modulation schemes) to carry information to be
transmitted from and/or received by the RF transceiver
system 80. In an example, a signal (e.g., LO) may be
presented to the circuit 84. The signal LO may implement a
local oscillator signal. A signal (e.g., RF) may be exchanged
between the circuit 84 and the phased array antenna panel
100. The signal RF may be a radio-frequency, millimeter-
wave Irequency, or microwave frequency signal that con-
veys the information also found in the termediate-ire-
quency signal IF.

In a transmit mode, the radio-frequency signal RF may
convey 1nformation to be broadcast from the phased array
antenna panel 100 to the devices 90a-90%. In a recerve mode,
the radio-frequency signal RF may convey information
received from the devices 90aq-90n via the phased array
antenna panel 100. A signal (e.g., FSW) and a signal or
signals (e.g., CTRL) may be exchanged between the circuit
86 and the phased array antenna panel 100. The signal FSW
may switch the phased array antenna panel 100 between the
transmit mode and the recerve mode. The signal(s) CTRL
may convey data, clocking, and control elements. In an
example, the signals FSW and CTRL may be part of a digital
interface of the phased array antenna panel 100. In an
example, the signal(s) CTRL may be implemented as a serial
link that conveys information for configuring and/or deter-
miming phase and/or gain settings for antenna elements of
the phased array antenna panel 100. In an example, the
signal(s) CTRL may be compliant with one or more serial
communication protocols or interfaces (e.g., serial periph-
eral interface (SPI), inter-integrated circuit communications
(I°C), daisy chain, etc.). A signal or signals (e.g., PG) may
be transferred from the circuit 88 to the circuit 86. In an
example, the signal(s) PG may convey phase mnformation
and gain information used by the circuit 86 to implement
(control) beam steering using the phased array antenna panel
100. In an example, the signal(s) PG may convey a plurality
of phase and gain values that may be programmed 1nto a
plurality of beam former circuits of the phased array antenna

panel 100 via the signal(s) CTRL.
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The phased array antenna panel 100 generally implements
a hard-wired address scheme. The hard-wired address
scheme may be used to uniquely identily serial communi-
cations intended for elements (e.g., the beam former circuits)
of the phased array antenna panel 100. In various embodi-
ments, multiple phased array antenna panels 100 may be
combined to form a larger antenna array that may provide
more transmission channels. The multiple phased array
antenna panels may share a serial communication channel,
link, or bus. Each of the phased array antenna panels 100
making up the larger antenna array may be uniquely
addressed using respective hard-wired addresses.

The phased array antenna panel 100 may generate one or
more fields (or beams) 102a-1027.. The fields 102a-102x
may represent a field pattern (or radio-frequency beam
pattern) created by the beam former circuits of the phased
array antenna panel 100 based upon the phase and gain
information (values) received via the signal(s) C1RL. The
phased array antenna panel 100 may be configured to
produce directional beams 102¢-1027 for communication
with the communication devices 90q-90%. In an example,
the phased array antenna panel 100 may be controlled to
steer the beams 102aq-102#%, based on the phase and gain
information recerved via the signal(s) C1RL, to track move-
ment of the communication devices 90a-90» and/or switch
between the communication devices 90a-90z.

The circuit 82 may implement a baseband processor
circuit. The circuit 82 may be operational to process the
information sent by and/or received in the intermediate-
frequency signal IF. The circuit 82 may process the infor-
mation within the RF transceiver system 80. The processing
may 1nclude, but 1s not limited to, modulation/demodulation
of the signal that contains the information and management
of simultaneous communications between the RF trans-
ceiver system 80 and the multiple remote terminals 90a-907.

The circuit 84 may implement one or more mixer circuits.
The circuit 84 1s generally operational to frequency convert
(e.g., up-convert, down-convert, etc.) between an nterme-
diate frequency used for the signal IF and the radio fre-
quency, millimeter-wave Irequency, or microwave Ire-
quency used for the signal RF. The frequency conversion
may be based on one or more local oscillator frequencies
provided by the signal LO. In various embodiments, the
radio-frequency signal RF may be 1n a range of {frequencies
approximately centered around a center frequency of either
28 gigahertz (GHz) or 39 GHz (e.g., 24 GHz to 30 GHz or
3’7 GHz to 44 GHz). In embodiments implementing multiple
intermediate frequencies, each mtermediate frequency may
cover a band from approximately 2 GHz to about 6 GHz
(e.g., an approximately 4 GHz bandwidth). In an example,
cach local oscillator frequency may range from approxi-
mately 22 GHz to 26 GHz when the signal RF 1s approxi-
mately centered at 28 GHz. In another example, each local
oscillator frequency may range from approximately 33 GHz
to 37 GHz when the signal RF 1s approximately centered at
39 GHz. However, other frequency ranges may be imple-
mented to meet the design criteria of a particular application.

The circuit 86 may implement a control circuit. In various
embodiments, the circuit 86 may be implemented using one
or more of an application specific imntegrated circuit (ASIC),
controller, microprocessor, or circuitry configured accord-
ingly. The circuit 86 1s generally operational to control the
operations of the phased array antenna panel 100. In some
embodiments, the circuit 86 may determine the setting
values used in each transceiver channel within the beam
former circuits of the phased array antenna panel 100. The
setting values may establish the geometry of the field(s) or
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beam(s) 102a-102%. In various embodiments, the circuit 86
may be implemented as one or more tegrated circuits.

In an example, the circuit 88 may implement a table of
values (e.g., embodied 1n a memory circuit). In an example,
the table of values embodied in the circuit 88 may be
configured to store multiple gain (G) values and multiple
phase (P) values. The phase and gain values may be used by
the transceiver channels in the phased array antenna panel
100 to establish the fields 1024-10256. The phase values and
the gain values may be fetched from the circuit 88 via the
signal PG and programmed into bufllers associated with the
beam former circuits of the phased array antenna panel 100
by the circuit 86. In various embodiments, the circuits 86
and 88 may be implemented either on the same integrated
circuit or on different (separate) integrated circuits.

In an example, the phased array antenna panel 100 may be
implemented comprising either single-polarization (or
single-pole) antenna elements or dual-polarization (or dual-
pole or di-pole) antenna elements. The phased array antenna
panel 100 may be operational to transmit and receive
wireless signals to and from the devices (or terminals)
904-902. The devices (or terminals) 90a-90rz may be
remotely located from the RF transceiver system 80. Sen-
sitivity to the wireless signals may be determined by the
fields 102a-102% created by the phased array antenna panel
100. The phased array antenna panel 100 may comprise a
plurality of antenna elements and a plurality of beam former
circuits. Each beam former circuit may implement a plural-
ity of transceiver channels. Each transceiver channel gen-
crally comprises a transmit channel and a receive channel.
The transceiver channels may be coupled to the antenna
clements by corresponding bidirectional radio-frequency
signals. The transceiver channels and antenna elements
generally form a two-dimensional antenna network.

Referring to FIG. 2, a diagram 1s shown illustrating an
example implementation of a single-polarization version of
the phased array antenna panel 100 1n accordance with an
embodiment of the invention. In an example, the phased
array antenna panel 100 may comprise a number of blocks
(or circuits) 110, a number of blocks (or circuits) 112a-
112, and a number of blocks (or circuits) 114a-114%. In
embodiments i1mplementing a single-polarization phased
array antenna panel, the blocks 110 generally are imple-
mented as single polarization (or single-pole) antenna ele-
ments. Fach of the circuits 1124-112m may implement a
single-polarization beam former circuit. Each of the circuits
114a-114% may implement a combiner/splitter circuit. The
circuits 112a-112m, and 114a-114% may be implemented
with hardware, a combination of hardware and software,
and/or stmulated with software. In an example, the signal RF
may be exchanged with one of the circuits 114a-114% and
distributed by or combined by a remainder of the circuits
114a-114k%. The signals FSW and CTRL may be exchanged
with the circuits 112aq-112m.

The antenna elements 110 1n the phased array antenna
panel 100 may be used for both transmission and reception.
A physical positioning of the antenna elements 110 generally
provides for two-dimensional (e.g., horizontal and vertical)
control of the fields 102a-102%. In an example, the antenna
clements 110 may be arranged in a 2-dimensional (e.g.,
NxN) gnid pattern, where N 1s an integer value divisible by
2. However, other dimensions of grid patterns may be
implemented accordingly to meet design criteria of a par-
ticular implementation.

The circuits 112a-112m are generally operational to mul-
tiplex/demultiplex the signal RF with a number of the
antenna elements 110. In various embodiments, each of the
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circuits 112a-112m may be mounted on a substrate of the
phased array antenna panel 100 adjacent to (e.g., centered
among) a number (or group) of the antenna elements 110. In
an example, each circuit 112a-112m generally comprises a
number of transceiver channels that are coupled to respec-
tive antenna elements 110. In an example, each circuit
1124-112m may be coupled to four adjacent antenna ele-
ments 110 (e.g., arranged 1n a 2x2 grid around each circuit
1124-112m). However, other numbers (e.g., 1, 2, 4, 18, etc.)
of adjacent antenna elements 110 may be implemented to
meet design criteria of a particular implementation. The
circuits 1124-112m may be configured to switch between a
transmit mode and a receive mode 1n response to the signal
FSW. In the transmit mode, the circuits 112a-112 may be
operational to rapidly change setting values (e.g., phase
values, gain values, etc.) used by the transceiver channels in
order to steer the beams (or fields) 1024-1027» formed by the
phased array antenna panel 100. In various embodiments,
cach of the circuits 112a-112m may be implemented as one

or more integrated circuits (e.g., 1 a package or multi-chip
module (MCM)).

In various embodiments, each of the circuits 114a-114%
may be mmplemented as a combiner/splitter circuit. In an
example, the circuits 114q-114% may be implemented as
Wilkinson combiner/splitters. In various embodiments, the
circuits 114q-114% may be coupled together to form a
network that couples the circuits 112a-112# to an input/
output of the phased array antenna panel 100 configured to
present/receive the signal RF. In the transmit mode, the
circuits 114a-114% are generally operational to distribute the
power 1n the signal RF among the circuits 112a-112m. In the
receive mode, the circuits 114a-114% may be operational to
combine the power received in signals from the circuits
1124-112m 1nto the signal RF. The circuits 1124-112m and
114a-114% are generally configured to provide a substan-
tially equivalent path length between the RF input/output of
the phased array antenna panel 100 and each of the circuits
112a-112m.

In embodiments implementing a dual-polarization version
of the phased array antenna panel 100, the antenna elements
110 may be implemented having horizontal and vertical feed
ports. The circuits 1124-112m may be configured to be
coupled to each respective antenna element 110 by both
horizontal and vertical antenna input/outputs. A first set of
the circuits 114a-114%k may be coupled together to form a
first network that couples the circuits 112a-112m to a first
input/output of the phased array antenna panel 100 config-
ured to present/receive a horizontal RF signal (e.g., RFH). A
second set of the circuits 114a-114%4 may be coupled together
to form a second network that couples the circuits 112a-
112m to a second input/output of the phased array antenna
panel 100 configured to present/receive a vertical RF signal
RFV.

Retferring to FIG. 3, a diagram 1s shown 1llustrating an
example implementation of a single-polarization beam for-
mer circuit 1127 1n accordance with an example embodiment
of the invention. In an example, the single-polarization beam
former circuit 112/ may be representative of the single-
polarization beam former circuits 112a-112m of FIG. 2. In
an example, the single-polarization beam former circuit 112;
may have a digital interface configured to receive the signal
FSW and the signal(s) CTRL, a common RF input/output
port (RFC), and a number of antenna input/output ports
(RF1-RFN). In general, any number (e.g., N) of antenna
input/output ports (or channels) may be implemented
accordingly to meet design criteria of a particular 1mple-
mentation.
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In various embodiments, the signal RF may be presented/
received by the common RF input/output RFC, and the
antenna 1nput/output ports RF1-RFN may be coupled to
respective antenna elements 110. The single-polarization

beam former circuit 112i generally implements a number of 53

transceiver channels corresponding to the number of antenna
input/output ports RF1-REFN. In various embodiments, each
of the transceiver channels may comprise a respective
transmit channel and a respective receive channel. The
transceiver channels are generally configured to switch
between transmitting or receiving based upon the signal
FSW.

The single-polarization beam former circuit 112; gener-
ally implements a transmit mode and a receive mode. In an
example, a state of the signal FSW may determine whether
the transmit mode or the receive mode 1s active. In the
transmit mode, the single-polarization beam former circuit
112: 1s generally configured to receive the radio frequency
signal RF at the common input/output port RFC and present
radio frequency signals at the antenna input/output ports
RF1-RFN. The signals presented at each of the antenna
input/output ports RF1-RFN are generated by the single-
polarization beam former circuit 112; 1n response to the
radio frequency signal RF received at the common mnput/
output port RFC and a respective number of setting values
(e.g., gain, phase, etc.) for each transceiver channel corre-
sponding to each of the antenna input/output ports RF1-
RFN. In the recerve mode, the single-polarization beam
former circuit 112; 1s generally configured to combine radio
frequency signals received at the antenna input/output ports
RF1-RFN {for presentation as the signal RF at the common
input/output port RFC.

The single-polarization beam former circuit 112; may
comprise a block (or circuit) 302, a block (or circuit) 304, a
number of blocks (or circuits) 306a-306#%, and a block (or
circuit) 308. The circuit 302 may implement an interface
circuit. In various embodiments, the circuit 302 may imple-
ment a digital interface. The circuit 304 may implement a
hard-wired address (e.g., chip ID) for the beam former
circuit 112:. The circuits 306a-30672 may implement trans-
ceiver (TRX) channels. The circuit 308 may implement a
1-to-N combiner/splitter network.

In an example, the signals FSW and CTRL are exchanged
with the circuit 302. In an example, the circuit 302 may
comprise a serial iterface. The circuit 302 may be config-
ured to be compliant with one or more serial interface
standards including, but not limited to, serial peripheral
interface (SPI), inter-integrated circuit (I°C), daisy chain,
etc. In an example, the circuit 302 may be configured to
allow programming and control of the single-polarization
beam former circuit 112; using a serial communication link
(or bus). In an example, the circuit 302 may be configured
to program and control the circuits 306a-306# 1n response to
the signals CTRL and FSW. In an example, the circuit 302
may control whether the circuits 306a-306. operate 1n a
transmit mode or a receirve mode 1n response to the signal
FSW. In an example, the circuit 302 may implement a 4-wire
embedded SPI core. In an example, the circuit 304 may set
a physical address of the beam former circuit 112; based
upon hardware coded address bits (or pins). In some
embodiments, the hard-wired address bits may be hard
coded within the chip implementing the beam former circuit
112:. In some embodiments, the hard-wired address bits may
be programmable within the chip implementing the beam
former circuit 112; during manufacturing. In an example, the
hard-wired address bits may be programmed using fuses,
anti-fuses, or other conventional techniques.
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In embodiments implementing a dual-polarization, the
beam former circuit 112; may be implemented similarly,
except that each transceiver channel may be configured to
provide separate horizontal and vertical antenna input/out-
puts (e.g., RFH1 and RFV1, ..., RFV(N)and RFV(N)), and
the circuit 308 may be configured to couple the circuit 112;
to separate horizontal and vertical common 1nput/output
ports (e.g., RFHC and RFVC).

Referring to FIG. 4, a diagram 1s shown illustrating an
example implementation of a generic 2x2 four-clement
single-polarization transceiver beam former circuit 1127 1n
accordance with an example embodiment of the invention.
In various embodiments, beam former circuits may imple-
ment a plurality of transceiver channels. Each transceiver
channel generally comprises a transmit channel and a
receive channel. In an example, the 2x2 four-element single-
polarization transceiver beam former circuit 112; may
implement four transceiver channels 306a-3064. The four
transceirver channels (or circuits) 306a-306d may be coupled
to respective antenna elements mm a group ol adjacent
antenna elements by corresponding bidirectional radio-fre-
quency signals (e.g., RF1-RF4). The transceiver channels
and antenna elements generally form a two-dimensional
antenna network.

In an example, the circuit 308 may be implemented as a
1-4 combiner/splitter network. In an example, the circuit 308
may comprise a number of combiner/splitters. In an
example, the combiner/splitters may be implemented as
Wilkinson combiner/splitters. In various embodiments, the
combiner/splitters may be coupled together to form a net-
work that couples the circuits 306a-306d to a common RF
input/output port RFC of the beam former circuit 112i. In the
transmit mode, the circuit 308 1s generally operational to
distribute the power in a signal at the common RF iput/
output port RFC among the circuits 306a-306d. In the
receive mode, the circuit 308 may be operational to combine
the power received 1n signals from the circuits 306a-3064
into a signal presented at the common RF mnput/output port
RFC. The circuits 306a-3064 and 308 are generally config-
ured to provide a substantially equivalent path length
between the common RF input/output port RFC and each of
the circuits 306a-306d4. The topology of the beam former
circuit 112; may be scaled to provide other numbers of
transceiver channels to meet the design criteria of a particu-
lar implementation.

In embodiments implementing dual-polarization phased
array antenna panel, a 2x2 four-element dual-polarization
transceiver beam former circuit may implement similarly to
the transceiver beam former circuit 1127, except with two
instances of the four transceiver channels 306a-3064 and
network 308: a first instance configured for the horizontal
transceiver channels; and a second instance configured for
the vertical channels.

Retferring to FIG. 5, a block diagram of a transceiver
circuit 306 1s shown illustrating a example radio frequency
(RF) amplifier application in accordance with an embodi-
ment of the mnvention. In an example, the transceiver circuit
306 may be representative of the single-polarization beam
former transceiver circuits (or channels) 306a-3064 of FIG.
4. In another example, the transceiver circuit 306; may be
representative of either horizontal or vertical beam former
transceiver circuits (or channels) of a dual-polarization beam
former circuit (or chip). In an example embodiment, the
circuit 306; may comprise a block (or circuit) 310, a block
(or circuit) 312, and a block (or circuit) 314. In an example
embodiment, the circuit 310 may implement a transceiver
circuit. The blocks 312 and 314 may implement transmuit-
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receive (I/R) switches. A transceiver circuit 1s generally
capable of both transmitting and receiving signals of a
communication channel. In various embodiments, the circuit
310 may be capable of transmitting and receiving radio
frequency (RF), microwave, and/or millimeter-wave signals.

In various embodiments, the circuit 310 may be repre-
sentative of transceiver circuits utilized in applications
including, but not limited to cellular base stations (e.g., 2G,
3@, 4G, 3G, etc.), wireless communication systems, wireless
local area networks (WLANSs), wireless backhaul channels,
broadband repeaters, community antenna television (CATV)
networks, macro cells, micro cells, pico cells, femto cells,
mobile devices (MDs), and/or portable handheld devices
(UEs). In some embodiments, the circuit 310 may be rep-
resentative of a radar application including, but not limited
to target detection, ranging, and/or through-wall 1imaging. In
an example, the transcerver circuit 310 generally comprises
both a transmitter chain and a receirver chain. Both the
transmitter chain and the receiver chain may comprise radio
frequency (RF) amplifiers.

In an example, the transmitter chain may include an input
amplifier 320, a variable (programmable) phase shifter 322,
a variable (programmable) attenuator 324, and one or more
output amplifier stages 326. In an example, the mput ampli-
fier 320 may be implemented as a low noise amplifier
(LNA). The output amplifier stages 326 may include drivers,
pre-amplifiers, and/or power amplifiers. In an example, the
receiver chain may 1nclude a limiter (or protection) and filter
(MN) circuit 328, a low noise amplifier (LNA) 330, a
variable (programmable) phase shifter 332, and a variable
(programmable) attenuator 334. In an example, an input of
the transmitter chain and an output of the receiver chain may
be coupled to a transmission line or an RF transceiver
system by the RF switch 312. In an example, an output of the
transmitter chain and an input of the receiver chain may be
coupled to a transmission line or an antenna by the RF
switch 314.

In various embodiments, the variable phase shifter 322,
the variable attenuator 324, the variable phase shifter 332,
and the variable attenuator 334 may be implemented using
conventional techniques. In general, the amplifier circuits of
the transceiver circuit 310 may provide improved linearity
for wideband modulated signals by utilizing a bias network
(or circuit) 1n accordance with an embodiment of the inven-
tion.

Referring to FIG. 6, a block diagram of a circuit 400 1s
shown 1llustrating an amplifier implementing a bias network
in accordance with an example embodiment of the mnven-
tion. In various embodiments, the circuit 400 may be used to
implement various amplifiers 1 millimeter-wave, micro-
wave, and/or beam former chipsets. In an example, the
circuit 400 may be used to implement one or more stages of
the power amplifier 326. The circuit 400 may be 1mple-
mented to stmultaneously provide small signal matching as
well as maximum power transfer (power matching) for
millimeter-wave, microwave, and/or beam former power
amplifiers.

In an example, the amplifier circuit 400 may comprise a
power amplifier (PA) core (or circuit) 402 and a bias
network (or circuit) 404. However, other types of amplifier
core (e.g., LNA, etc.) may be implemented accordingly to
meet the design criteria of a particular application. In various
embodiments, the bias network 404 1s configured to improve
linearity for wideband modulated signals used in millimeter-
wave, microwave, and/or beam former power amplifiers
driving phased array antenna panels.
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In an example, the amplifier circuit 402 may have a
differential input, comprising a positive (true) input (+) and
a negative (complementary) input (-), a differential output
comprising a positive (true) output and a negative (comple-
mentary) output, and a bias mput. In an example, a signal
(e.g., IN_P) may be presented to the positive input, a signal
(e.g., IN_N) may be presented to the negative input, a bias
signal (e.g., VB1) may be presented to the bias input, a
signal (e.g., OUT_P) may be presented at the positive
output, and a signal (e.g., OUT_N) may be presented at the
negative output. The signals IN_P and IN_N may be com-
ponents of a differential input signal. The signals OUT_P
and OUT_N may be components of a differential output
signal. The signal VB1 may be a bias reference voltage. The
bias input at which the signal VBI1 1s applied may be referred
to as a biasing node of the amplifier circuit 402. The biasing
node 1s generally an internal circuit node, which 1s generally
not measurable, but the impedance level may be checked
through simulation. The amplifier circuit 402 may be con-
figured to generate the signals OUT_P and OUT_N 1n
response to the signals IN_P, IN_N, and VBI1.

In an example, the circuit 404 may be configured to
generate the bias reference voltage VBI1 1n response to a bias
reference signal (e.g., REF). In various embodiments, the
bias reference signal may be implemented as eitther a current
or a voltage. In traditional power amplifier biasing circuits,
a current (e.g., I_REF) may be used to create a voltage drop
(e.g., VB1) on a diode connected transistor device. The
voltage drop may be used to bias power amplifier core
transistors. In an example, a traditional bias network may
comprise a metal oxide semiconductor field effect transistor
(MOSFET), a bi-polar junction transistor (BJT), a resistor,
and a capacitor. A drain terminal of the MOSFET may be
tied to a power supply voltage (e.g., VDD). The signal
I_REF may be presented to a node formed by connection of
a gate terminal of the MOSFET and a collector terminal of
the BJT. An emitter terminal of the BJT may be connected
to the circuit ground potential. A base terminal of the BJT
may be coupled by the resistor to a source terminal of the
MOSFET. The source terminal of the MOSFET may be
coupled by the capacitor to a circuit ground potential. The
bias voltage VB1 may be presented at a node formed by
connection of the source terminal of the MOSFFET, a termi-
nal of the resistor, and a terminal of the capacitor. In an
example, the BJT may be implemented as a heterojunction
bipolar transistor (HBT). In general, the BJT may be imple-
mented using transistors similar to transistors used to 1mple-
ment the power amplifier circuit 402.

When coupled to the biasing node of the power amplifier
(PA) circuit 402, the traditional bias network generally
exhibits baseband memory effects under wideband modu-
lated signals due to baseband impedance variation over the
modulation bandwidth at the biasing node of the PA circuit
402. In various embodiments, the bias network (or circuit)
404 implemented 1n accordance with embodiments of the
invention may utilize an operational amplifier (or opamp)
with low output impedance instead of a MOSFET device.
The operational amplifier generally acts to maintain a sub-
stantially constant impedance at the biasing node VB1 up to
a modulated signal bandwidth (e.g., 800 MHz, etc.).

In various embodiments, the bias circuit 404 1s generally
configured to dynamically adjust the bias voltage reference
VBI1 presented at the biasing node of the amplifier circuit
402 to maintain a low baseband impedance, which provides
improved linearity for wideband modulated signals. In an
example, power amplifier linearity may be specified using a
third order intercept point (IP3 or TOI) characteristic, as 1t
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aflects power eiliciency, channel density, signal coverage,
and adjacent channel power ratio (ACPR). Adjacent channel
power ratio (ACPR), also known as adjacent channel leak-
age ratio (ACLR), 1s an important metric for components
designed for use in wireless communications standards.
Determining the desired impedance generally involves bal-
ancing (or a trade ofl) of the power amplifier linearity
specification, any power amplifier balun asymmetry, and
other asymmetries that may contribute to a common mode
signal at the biasing node. In an example, an impedance of
a few tens of ohms (e.g., about 30 ohms, etc.) may be
acceptable.

Referring to FIG. 7, a diagram of a circuit 500 1s shown
illustrating an example implementation of a diflerential
amplifier implementing a bias network in accordance with
an example embodiment of the invention. In wvarious
embodiments, the circuit 500 may be used to implement
vartous amplifiers in millimeter-wave, microwave, and/or
beam former chipsets. In an example, the circuit 500 may
comprise a block (or circuit) 502 and a block (or circuit) 504.
In an example, the block 502 may implement a differential
power amplifier (PA). In an example, the PA 502 may
implement one or more amplifier stages. In an example, the
block 504 may implement a bias network (or circuit). The
biasing technique 1llustrated 1n FIG. 7 may be used with any
PA topology, including, but not limited to, single-ended,
differential, common-emitter, cascade, and stacked amplifi-
ers.

In an example, the amplifier 502 may have a diflerential

input, comprising a positive (true) mput (+) and a negative
(complementary) input (-), and a differential output com-
prising a positive (true) output and a negative (complemen-
tary) output. In an example, the signal IN_P may be pre-
sented to the positive input, the signal IN_N may be
presented to the negative mnput, the signal OUT_P may be
presented at the positive output, and the signal OUT_N may
be presented at the negative output. The signals IN_P and
IN_N may be components of a differential input signal. The
signals OUT_P and OUT_N may be components of a
differential output signal.
In an example, the amplifier 502 may be biased using a
couple of resistors. A resistor R1 may have a first terminal
connected to the positive input of the amplifier 502 and a
second terminal configured to receive the bias voltage VBI.
A resistor R2 may have a first terminal connected to the
negative mput of the amplifier 502 and a second terminal
configured to receive the bias voltage VB1. A node formed
by the connection of the second terminals of the resistors R1
and R2 may be referred to as a biasing node of the amplifier
502. The amplifier 502 may be configured to generate the
signals OUT_P and OUT_N 1n response to the signals IN_P,
IN_N, and VBI.

In an example, the circuit 304 may be configured to
generate the bias voltage VBI1 1n response to a bias reference
current signal (e.g., I_REF). In an example, the circuit 504
may comprise an operational amplifier (opamp) 506, a
bi-polar junction transistor Q1, a resistor R3, and a capacitor
C1. The signal I_REF may be presented to a node formed by
connection of a negative mput of the opamp 3506 and a
collector terminal of the transistor Q1. An emitter terminal
of the transistor Q1 may be connected to the circuit ground
potential. A base terminal of the ftransistor Q1 may be
coupled to a first terminal of the resistor R3. A second
terminal of the resistor R3 may be coupled to an output of
the opamp 506 and a first terminal of the capacitor C1. A
second terminal of the capacitor C1 may be connected to the
circuit ground potential. The bias voltage VB1 may be
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presented at a node formed by connection of the output of
the opamp 506, the second terminal of the resistor R3, and
the first termmal of the capacitor C1.

In an example, the opamp 506 may be implemented as a
wideband (e.g., >500 MHz) operational amplifier with low
output impedance. In general, the output impedance of the
operational amplifier should be as low as possible. The low
output 1mpedance generally reduces the common-mode
voltage swing at the bias node, which helps to improve PA
linearity. In an example, an output impedance for the bias
circuit 504 of a few tens of ohms 1s generally acceptable. In
various embodiments, the opamp 506 may be implemented
as any high gain and high bandwidth amplifier with a high
input impedance differential input stage and a low output
impedance output stage.

In an example, the transistor Q1 may be implemented as
a heterojunction bipolar transistor (HBT). However, other
types of transistors (e.g., pHEMT, MOSFFET, etc.) may be
implemented accordingly to meet design criteria of a par-
ticular implementation. In general, the transistor Q1 may be
implemented using transistors similar to transistors used to
implement the power amplifier 502. The opamp 306 may be
implemented with bipolar devices as well as complementary
metal oxide semiconductor (CMOS) devices. In embodi-
ments where a frequency specification 1s only up to about 1
GHz, implementing the opamp 506 with CMOS technology
may be a preferable approach. In embodiments where higher
performance 1s desired, the opamp 506 may be implemented
using bipolar devices. In an example, CMOS may be used
for the mput differential pair and a bipolar device may be
used for the output stage for providing lower output imped-
ance.

In an example, the opamp 506 and output capacitance
provided by the capacitor C1 generally combine to provide
lower impedance over the modulated signal bandwidth. In
an example, the capacitor C1 may be selected to provide
acceptable 1impedance above 200 MHz, but at lower fre-
quencies the capacitor C1 may present higher impedance. In
the example where the capacitor C1 1s selected to provide
acceptable impedance above 200 MHz, the opamp 506 may
be designed such that a low impedance 1s provided up to 200
MHz. In general, both mechamisms (the opamp 506 and the
capacitor C1) may be configured to work together to provide
a low baseband impedance at the biasing node at which the
signal VB1 1s presented over the full operating frequency
range of the amplifier.

There 1s generally a tradeofl between the capacitance at
the biasing node (e.g., the capacitor C1) and the bandwidth
of the opamp 3506. For example, 11 a 10 pF capacitance 1s
chosen, then an impedance of about 32 ohms at 500 MHz 1s
provided. The impedance 1s inversely proportional to fre-
quency, thus, the impedance increases at lower frequencies.
In various embodiments, the bias network 504 may be
designed to have an output impedance of less than 32 ohms
from DC to 500 MHz, ensuring that impedance 1s low across
the expected bandwidth. If a larger capacitance 1s 1mple-
mented, the bandwidth of the opamp 506 may be reduced. In
an example, 32 ohms 1s a practical choice, which may
depend on other design parameters as stated above.

In various embodiments, the node at which the signal
VBI1 1s presented generally has a substantially constant
impedance up to the modulated signal bandwidth. Above the
modulated signal bandwidth, the capacitor C1 1s generally
selected to start taking over to lower the impedance level. In
an example, a modulated signal bandwidth of about 800
MHz may be implemented, while the carrier frequency may

be 1n a range of frequencies (e.g., 22-26 GHz, 24-30 GHz,
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33-37 GHz, etc.). In an example, a 26 GHz band (e.g., 24.25
GHz to 27.5 GHz) signal with the 800 MHz modulated
signal bandwidth may cover a frequency range from 25 GHz
to 25.8 GHz. In some embodiments, the modulated signal
bandwidth may be lower than 800 MHz (e.g., 400 MHz, 200
MHz, or even lower). In some embodiments, the modulated
signal bandwidth may be higher. In an example, the 3G
standard currently allows of maximum single channel band-
width of about 400 MHz. However, updates to the 3G
standard and/or future standards may increase the maximum
single channel bandwidth. In another example, an operator
may want to aggregate multiple channels in a single signal
of higher bandwidth.

In an example, a voltage (e.g., VC1) may be applied to a
positive mput of the opamp 3506. The voltage VC1 may be
used to set a V.. diode voltage level of the transistor Q1.
The voltage V(1 1s typically chosen such that the transistor
Q18 1s biased 1n an active region of operation across all
operating conditions. In an example, the voltage VC1 may
be selected close to the collector voltage of the transistors
Q10 and Q12, so that the current mirror operation works
well.

Referring to FIG. 8, a diagram of a circuit 600 1s shown
illustrating another example implementation of a power
amplifier with a bias network in accordance with an example
embodiment of the invention. In an example, the circuit 600
may be implemented comprising a cascade single stage
power amplifier core, a first bias circuit 602, and a second
bias circuit 604. The bias circuit 602 may be configured to
generate the bias voltage VB1 1n response to the signal
I_REF. The bias circuit 602 may be implemented similarly
to the circuit 504 (described above in connection with FIG.
7). The bias circuit 604 may be configured to generate a bias
voltage (e.g., VB2) 1n response to a power supply voltage
(e.g., VDD).

In an example, the power amplifier core of the circuit 600
may comprise a transistor Q10, a transistor (Q12, a transistor
Q14, a transistor Q16, a resistor R10, a resistor R12, a
resistor R14, a resistor R16, a capacitor C10, and a capacitor
C12. In an example, the transistors Q10, Q12, Q14, and Q16
may be implemented as heterojunction bipolar transistors.
However, other types of transistors (e.g., pHEMT, MOS-
FET, etc.) may be used accordingly to meet the design
criteria of a particular implementation. An emitter terminal
of transistor Q10 may be connected to the circuit ground
potential. An emitter terminal of transistor Q12 may be
connected to the circuit ground potential. The resistor R10
may have a first terminal connected to a base terminal of the
transistor Q10 and a second terminal configured to receive
the bias voltage VBI1. The resistor R12 may have a first
terminal connected to a base terminal of the transistor (012
and a second terminal configured to receive the bias voltage
VBI1. A collector terminal of the transistor Q10 may be
connected to an emitter terminal of the transistor Q14. A
collector terminal of the transistor Q12 may be connected to
an emitter terminal of the transistor Q16. The bias voltage
VB2 may be presented to a base terminal of the transistor
Q14 and a base terminal of the transistor Q16. A collector
terminal of the transistor Q14 may be coupled to the base
terminal of the transistor Q10 by an RC feedback network
formed by the resistor R14 and the capacitor C10. A
collector terminal of the transistor Q16 may be coupled to
the base terminal of the transistor Q12 by an RC feedback
network formed by the resistor R16 and the capacitor C12.

In an example, the 1input signal IN_P may be presented to
the base terminal of the transistor Q10. The input signal INN
may be presented to the base terminal of the transistor (Q12.
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The signals IN_P and IN_N may be components of a
differential imnput signal. A first output signal of the amplifier
may be presented at a node formed by connection of the
collector terminal of the transistor Q14 and a terminal of the
resistor R14. A second output signal of the amplifier may be
presented at a node formed by connection of the collector
terminal of the transistor Q16 and a terminal of the resistor
R16.

In an example, the outputs of the amplifier circuit may
connected to a balun B10 to achieve a single-ended output
(e.g., OUT) in response to the differential mput. In an
example, the collector terminal of the transistor Q14 and the
collector terminal of the transistor Q16 may be connected to
an 1nput winding of the balun B10. The power supply
voltage VDD may be presented to a center tap of the input
winding of the balun B11l. The capacitor C14 may be
coupled between the center tap of the mput winding of the
balun B10 and the circuit ground potential.

In an example, the circuit 602 may comprise an opera-
tional amplifier (opamp) 606, a bipolar junction transistor
(Q18, a resistor R18, and a capacitor C18. The opamp 606
may be implemented similarly to the opamp 506 (described
above 1n connection with FIG. 7). The signal I_REF may be
presented to a node formed by connection of a negative input
of the opamp 606 and a collector terminal of the transistor
(Q18. The voltage VC1 may be presented to a positive input
of the opamp 606. An emitter terminal of the transistor Q18
may be connected to the circuit ground potential. A base
terminal of the transistor Q18 may be coupled to a first
terminal of the resistor R18. A second terminal of the resistor
R18 may be coupled to an output of the opamp 606 and a
first terminal of the capacitor C18. A second terminal of the
capacitor C18 may be connected to the circuit ground
potential. The bias voltage VB1 may be presented at a node
formed by connection of the output of the opamp 606, the
second terminal of the resistor R18, and the first terminal of
the capacitor C18. In an example, the transistor Q18 may be
implemented as a heterojunction bipolar transistor. How-
ever, other types of transistors may be implemented to meet
design criteria of a particular implementation. In general, the
transistors Q10, Q12, Q14, Q16, and Q18 are implemented
using similar types of transistors.

In an example, the circuit 604 may comprise a resistor
R20, a resistor R22, and a capacitor C20. In various embodi-
ments, the circuit 604 provides bias for the cascode node of
the power amplifier core. A first terminal of the resistor R20
may be tied to the power supply voltage VDD. A second
terminal of the resistor R20 may be connected to a first
terminal of the resistor R22 and a first terminal of the
capacitor C20. A second terminal of the resistor R22 may be
connected to the circuit ground potential. A second terminal
of the capacitor C20 may be connected to the circuit ground
potential. The signal VB2 may be presented at a node
formed by the connection of the resistor R20, the resistor
R22, and the capacitor C20.

Referring to FIG. 9, a diagram of a circuit 700 1s shown
illustrating another example implementation of a power
amplifier with bias network 1n accordance with an example
embodiment of the invention. In some embodiments, the
bias voltage reference VB1 may be generated using a
unity-gain operational amplifier. In an example, the circuit
700 may be implemented comprising a cascade single stage
power amplifier core, a first bias circuit 702, and a second
bias circuit 704. The bias circuit 702 may be configured to
generate the bias voltage VB1 1n response to a bias reference
voltage signal (e.g., VBIAS). The bias circuit 704 may be
implemented similarly to the bias circuit 604 (described
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above 1n connection with FIG. 8). The bias circuit 704 may
be configured to generate the bias voltage VB2 1n response
to a power supply voltage VDD.

The power amplifier core of the circuit 700 may be
implemented similarly to the power amplifier core of the
circuit 600, except that the feedback networks may be
omitted. In an example, the power amplifier core of the
circuit 700 comprises the transistor Q10, the transistor Q12,
the transistor Q14, the transistor (Q16, the resistor R10, the
resistor R12, and the capacitor C14. In an example, the
transistors Q10, Q12, Q14, and Q16 may be implemented as
heterojunction bipolar transistors. However, other types of
transistors (e.g., pHEMT, MOSFET, etc.) may be used
accordingly to meet the design criteria of a particular
implementation. An emitter terminal of transistor Q10 may
be connected to the circuit ground potential. An emitter
terminal of transistor Q12 may be connected to the circuit
ground potential. The resistor R10 may have a first terminal
connected to a base terminal of the transistor Q10 and a
second terminal configured to receive the bias voltage VBI.
The resistor R12 may have a first terminal connected to a
base terminal of the transistor Q12 and a second terminal
configured to receive the bias voltage VB1. A collector
terminal of the transistor Q10 may be connected to an
emitter terminal of the transistor Q14. A collector terminal
of the transistor Q12 may be connected to an emitter
terminal of the transistor (Q16. The bias voltage VB2 may be
presented to a base terminal of the transistor Q14 and a base
terminal of the transistor Q16. In an example, a collector
terminal of the transistor Q14 and a collector terminal of the
transistor Q16 may be connected to the balun B10 to achieve
the single-ended output (e.g., OUT). The power supply
voltage VDD may be presented to a center tap of an input
winding of the balun B10. The capacitor C14 may be
coupled between the center tap of the input winding of the
balun B11 and the circuit ground potential.

In an example, the 1input signal IN_P may be presented to
the base terminal of the transistor (Q10. The mput signal
IN_N may be presented to the base terminal of the transistor
(Q12. The signals IN_P and IN_N may be components of a
differential input signal. A first output signal of the amplifier
may be presented at the collector terminal of the transistor
Q14. A second output signal of the amplifier may be
presented at the collector terminal of the transistor Q16.

In an example, the circuit 702 may comprise an opera-
tional amplifier (opamp) 706 and a capacitor CB2. The
opamp 706 may be implemented similarly to the opamp 506
(described above 1n connection with FIG. 7). The signal
VBIAS may be presented to a positive mput of the opamp
706. An output of the opamp 706 may be connected to a
negative input of the opamp 706 to configure the opamp 706
as a unity gain amplifier. A first terminal of the capacitor
CB2 may be coupled to the output of the opamp 706. A
second terminal of the capacitor CB2 may be connected to
the circuit ground potential. The bias voltage VB1 may be
presented at a node formed by connection of the output of
the opamp 706 and the first terminal of the capacitor CB2.
As discussed above in connection with FIG. 7, there 1s
generally a tradeofl between the capacitance at the biasing
node (e.g., the capacitor CB2) and the bandwidth of the
opamp 706. In various embodiments, the bias network 704
may be designed to have a low output impedance (e.g., a few
tens of ochms from DC to 500 MHz), ensuring impedance 1s
low across the expected bandwidth of the modulated signal.

In various embodiments, the node at which the signal
VBI1 1s presented generally has a substantially constant
impedance up to about the modulated signal bandwidth
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(e.g., 800 MHz, etc.). Above the modulated signal band-
width, the capacitor CB2 1s generally chosen to start taking
over to lower the impedance level. The voltage VBIAS
generally sets the voltage level of the bias node VBI1. The
voltage VBIAS generally determines the DC bias operating
point of the PA 700. The node at which the voltage VBIAS
1s presented 1s a sensitive node because variation on this line
may reflect exponential change in the PA bias current. In an
example, the voltage VBIAS may also be generated using a
resistive voltage divider or any other voltage generating
circuit. In another example, the voltage VBIAS may be
generated using a diode connected mirror device (as
described below 1n connection with the circuit 802 1n FIG.
10), which may provide a more stable DC collector current
for the PA 700.

In an example, the circuit 704 may comprise the resistor
R20, the resistor R22, and the capacitor C20. In various
embodiments, the circuit 704 provides bias for the cascode
node of the power amplifier core of the circuit 700. A first
terminal of the resistor R20 may be tied to the power supply
voltage VDD. A second terminal of the resistor R20 may be
connected to a first terminal of the resistor R22 and a first
terminal of the capacitor C20. A second terminal of the
resistor R22 may be connected to the circuit ground poten-
tial. A second terminal of the capacitor C20 may be con-
nected to the circuit ground potential. The signal VB2 may
be presented at a node formed by the connection of the
resistor R20, the resistor R22, and the capacitor C20.

Referring to FIG. 10, a diagram of a circuit 800 1s shown
illustrating still another example implementation of a power
amplifier with bias network 1n accordance with an example
embodiment of the invention. In some embodiments, the
bias voltage reference may be generated using a unity-gain
operational amplifier tied to a diode-connected transistor, a
band-gap voltage generator, or a proportional to absolute
temperature (PTAT) voltage generator. In an example, the
circuit 800 may be implemented comprising a cascade single
stage power amplifier core, a first bias circuit 802, and a
second bias circuit 804. The bias circuit 802 may be con-
figured to generate the bias voltage VB1 in response to a bias
reference current signal (e.g., I_REF). The power amplifier
core of the circuit 800 may be implemented similarly to the
amplifier core of the circuit 700 (described above 1n con-
nection with FIG. 9). The bias circuit 804 may be imple-
mented similarly to the bias circuits 604 and 704 (described
above 1n connection with FIGS. 8 and 9). The bias circuit
804 may be configured to generate the bias voltage VB2 1n
response to a power supply voltage VDD.

In an example, the power amplifier core of the circuit 800
comprises the transistor (Q10, the transistor Q12, the tran-
sistor (Q14, the transistor 16, the resistor R10, the resistor
R12, and the capacitor C14. In an example, the transistors
Q10, Q12, Q14, and Q16 may be implemented as hetero-
junction bipolar transistors. However, other types of tran-
sistors (e.g., pHEMT, MOSFET, etc.) may be used accord-
ingly to meet the design criterita of a particular
implementation. An emitter terminal of transistor Q10 may
be connected to the circuit ground potential. An emitter
terminal of transistor Q12 may be connected to the circuit
ground potential. The resistor R10 may have a first terminal
connected to a base terminal of the transistor Q10 and a
second terminal configured to receive the bias voltage VBI.
The resistor R12 may have a first terminal connected to a
base terminal of the transistor Q12 and a second terminal
configured to receive the bias voltage VB1. A collector
terminal of the transistor Q10 may be connected to an
emitter terminal of the transistor Q14. A collector terminal
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of the transistor Q12 may be connected to an emitter
terminal of the transistor Q16. The bias voltage VB2 may be
presented to a base terminal of the transistor Q14 and a base
terminal of the transistor Q16. In an example, a collector
terminal of the transistor Q14 and a collector terminal of the
transistor (16 may be connected to the balun B10 to achieve
a single-ended output (e.g., OUT). The power supply volt-
age VDD may be presented to a center tap of an input
winding of the balun B10. The capacitor C14 may be
coupled between the center tap of the input winding of the
balun B10 and the circuit ground potential.

In an example, the input signal IN_P may be presented to
the base terminal of the transistor Q10. The input signal
IN_N may be presented to the base terminal of the transistor
(Q12. The signals IN_P and IN_N may be components of a
differential input signal. A first output signal of the amplifier
may be presented at the collector terminal of the transistor
Q14. A second output signal of the amplifier may be
presented at the collector terminal of the transistor Q16.

In an example, the circuit 802 may comprise an opera-
tional amplifier (opamp) 806, a transistor Q20, and the
capacitor CB2. The opamp 806 may be implemented simi-
larly to the opamp 3506 (described above 1n connection with
FIG. 7). The transistor Q20 may be diode connected (e.g., a
collector terminal of the transistor Q20 connected to a base
terminal of the transistor (Q20). The signal IREF may be
presented to a node formed by connection of the collector
terminal of the transistor Q20, the base terminal of the
transistor (Q20, and a positive mput of the opamp 806. An
output of the opamp 806 may be connected to a negative
input of the opamp 806, configuring the opamp 806 as a
unity gain amplifier. A first terminal of the capacitor CB2
may be coupled to the output of the opamp 806. A second
terminal of the capacitor CB2 may be connected to the
circuit ground potential. The bias voltage VB1 may be
presented at a node formed by connection of the output of
the opamp 806 and the first terminal of the capacitor CB2.
In an example, the transistor Q20 may be implemented as a
heterojunction bipolar transistor. However, other types of
transistors may be utilized to implement the transistor Q20
to meet design criteria of a particular implementation. In
general, the transistors Q10, Q12, Q14, Q16, and Q20 are
implemented using similar types of transistors. In an
example, the node at which the signal VBI1 1s presented
generally has a substantially constant impedance up to a
modulated signal bandwidth (e.g., 800 MHz, etc.).

In an example, the circuit 804 may comprise the resistor
R20, the resistor R22, and the capacitor C20. In various
embodiments, the circuit 804 provides bias for the cascode
node of the power amplifier core of the circuit 800. A first
terminal of the resistor R20 may be tied to the power supply
voltage VDD. A second terminal of the resistor R20 may be
connected to a first terminal of the resistor R22 and a first
terminal of the capacitor C20. A second terminal of the
resistor R22 may be connected to the circuit ground poten-
tial. A second terminal of the capacitor C20 may be con-
nected to the circuit ground potential. The signal VB2 may
be presented at a node formed by the connection of the
resistor R20, the resistor R22, and the capacitor C20.

In traditional biasing circuitry, baseband impedance at the
biasing node VBI1 has large variation and peaks at around
300 MHz. The variation generally appears as OIP3 degra-
dation. A two-tone test generally shows the performance
degradation clearly (~4 dB dip). In contrast to traditional
biasing circuitry, a bias circuit in accordance with an
embodiment of the present invention generally maintains the
baseband impedance substantially constant up to about the
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modulated signal bandwidth. As a result, the OIP3 of a bias
circuit 1n accordance with an embodiment of the present
invention generally has a flat response which 1s more
suitable for wideband modulated systems (e.g., SG and
beyond).

Although embodiments of the invention have been
described 1n the context of a RF application, the present
invention 1s not limited to RF applications, but may also be
applied 1n other high data rate wireless and wired commu-
nications applications where different rapid switching, mul-
tiple channel, and multiple user issues may exist. The
present mvention addresses concerns related to high speed
wireless communications, mobile and stationary transceiv-
ers and point-to-point links. Future generations of wireless
communications applications using radio frequency (RF),
microwave, and millimeter-wave links can be expected to
provide increasing speed, increasing flexibility, and increas-
ing numbers of interconnections and layers. The present
invention may also be applicable to wireless communica-
tions systems implemented in compliance with either exist-
ing (legacy, 2G, 3G, 4G, 5G) specifications or future speci-
fications.

The terms “may” and “generally” when used herein 1n
conjunction with “is(are)” and verbs are meant to commu-
nicate the intention that the description 1s exemplary and
believed to be broad enough to encompass both the specific
examples presented in the disclosure as well as alternative
examples that could be derived based on the disclosure. The
terms “may” and “generally” as used herein should not be
construed to necessarily imply the desirability or possibility
of omitting a corresponding element.

While the invention has been particularly shown and
described with reference to embodiments thereot, 1t will be
understood by those skilled 1n the art that various changes in
form and details may be made without departing from the
scope of the invention.

The mvention claimed 1s:

1. An apparatus comprising:

an amplifier circuit; and

a bias circuit, wherein said bias circuit 1s configured to

dynamically adjust a bias voltage reference at a bias
node connected to one or more 1mput transistors of said
amplifier circuit to maintain a low baseband 1mped-
ance, said bias circuit comprises an operational ampli-
fier configured as a unit-gain operational amplifier to
generate said bias voltage reference at said bias node 1n
response to at least one of a band-gap voltage, a
proportional to absolute temperature (PTAT) voltage,
or a diode voltage presented to an mput of said opera-
tional amplifier, and said operational amplifier com-
prises a high gain and high bandwidth amplifier with a
high 1nput impedance differential input stage and a low
output impedance output stage.

2. The apparatus according to claim 1, wherein said bias
circuit maintains said baseband impedance of said bias node
of said amplifier circuit substantially constant over a pre-
defined operating frequency range.

3. The apparatus according to claim 1, wherein said bias
circuit maintains said baseband impedance of said bias node
of said amplifier circuit substantially constant up to a
predefined modulated signal bandwidth.

4. An apparatus comprising:

an amplifier circuit; and

a bias circuit configured to dynamically adjust a bias

voltage reference at a bias node connected to one or
more input transistors of said amplifier circuit to main-
tamn a low baseband impedance, wheremn said bias
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circuit comprises an operational amplifier configured to
drive said bias node in response to a first reference
signal presented at a first input and a transistor having
a collector terminal connected to said first input of said
operational amplifier, an emitter terminal connected to
a ground potential, and a base terminal coupled to an
output of said operational amplifier and said bias node
by a resistor.

5. The apparatus according to claim 4, wheremn said
operational amplifier 1s further configured to drive said bias
node 1n response to said first reference signal presented at
said first input and a second reference signal presented at a
second 1nput.

6. The apparatus according to claim 5, wherein:

said first reference signal comprises a reference current;

and

said second reference signal comprises a voltage chosen

such that the transistor 1s biased 1n an active region of
operation across predetermined operating conditions.

7. The apparatus according to claim 4, wherein said
operational amplifier comprises a high gain and high band-
width amplifier with a high mmput impedance differential
input stage and a low output impedance output stage.

8. The apparatus according to claim 4, wheremn said
operational amplifier 1s 1mplemented using at least one of
bipolar technology and complementary metal oxide semi-
conductor (CMOS) technology.

9. The apparatus according to claim 4, wherein said
operational amplifier comprises an input differential pair
implemented using complementary metal oxide semicon-
ductor (CMOS) technology and an output stage imple-
mented with one or more bipolar devices.

10. A method of improving linearity of wideband modu-
lated signals comprising;:

generating a bias voltage reference using a bias voltage

generating circuit comprising an operational amplifier
configured to maintain a low baseband impedance at a
bias node connected to one or more input transistors of
an amplifier circuit, wherein said operational amplifier
comprises a high gain and high bandwidth amplifier
with a high input impedance differential input stage and
a low output impedance output stage, and said opera-
tional amplifier 1s configured as a unity-gain opera-
tional amplifier to generate said bias voltage reference
at said bias node 1n response to at least one of a
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band-gap voltage, a proportional to absolute tempera-
ture (PTAT) voltage, or a diode voltage presented to an
input of said operational amplifier; and

dynamically adjusting, using said bias voltage generating,
circuit, a level of said bias voltage reference presented
at said bias node.

11. The method according to claim 10, wherein said bias
voltage generating circuit maintains said baseband imped-
ance of said bias node of said amplifier circuit substantially
constant over a predefined operating frequency range.

12. The method according to claim 10, wherein said bias
voltage generating circuit maintains a baseband impedance
of said amplifier circuit substantially constant up to a
predefined modulated signal bandwidth.

13. The method according to claim 10, further comprising
implementing said operational amplifier using at least one of
bipolar technology and complementary metal oxide semi-
conductor (CMOS) technology.

14. The method according to claim 10, further comprising
implementing an input ditferential pair of said operational
amplifier using complementary metal oxide semiconductor
(CMOS) technology and implementing an output stage of
said operational amplifier with one or more bipolar devices.

15. The method according to claim 10, further comprising
driving an antenna element of a phased array antenna panel
using an output of said amplifier circuit biased by said bias
voltage reference.

16. The apparatus according to claim 1, wherein said
operational amplifier 1s implemented using at least one of
bipolar technology and complementary metal oxide semi-
conductor (CMOS) technology.

17. The apparatus according to claim 1, wherein said
operational amplifier comprises an mput differential pair
implemented using complementary metal oxide semicon-
ductor (CMOS) technology and an output stage imple-
mented with one or more bipolar devices.

18. The apparatus according to claim 1, wherein said
amplifier circuit 1s part of a transceiver circuit.

19. The apparatus according to claim 1, wherein said
amplifier circuit comprises a differential amplifier circuait.

20. The apparatus according to claim 1, wheremn said
amplifier circuit 1s configured to drive an antenna element of
a phased array antenna panel.
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